The trajectory of a stream of bubbles is measured in a microfluidic pressure-driven flow. For Newtonian fluids with or without surfactants, or viscoelastic fluids without surfactants, the bubbles maintain stable positions equally spaced along the channel center line. However, for viscoelastic fluids with surfactant, a transverse instability is observed, which has the characteristics of a linear instability, whose growth rate increases with the speed of the flow. The results are shown to be consistent with the action of shearinduced normal stresses in the fluid, where the magnitude increases with shear rate and so is augmented by surfactants that make the interface rigid. DOI: 10.1103/PhysRevLett.101.244503 PACS numbers: 47.50.Àd, 47.61.Jd Microfluidic methods are useful for the control and manipulation of small quantities of fluid. As the use of such techniques expands to include non-Newtonian materials, understanding the interplay of small length scales and nontrivial rheology becomes increasingly important [1] . In addition, non-Newtonian fluids offer desirable flow characteristics at low Reynolds numbers, such as enhanced mixing [2] or directional switching of distinct streams [3], which may not be available with Newtonian fluids. Moreover, the possible dynamical responses are expanded when multiphase flows are considered, such as particle suspensions, foams, and emulsions.
Microfluidic methods are useful for the control and manipulation of small quantities of fluid. As the use of such techniques expands to include non-Newtonian materials, understanding the interplay of small length scales and nontrivial rheology becomes increasingly important [1] . In addition, non-Newtonian fluids offer desirable flow characteristics at low Reynolds numbers, such as enhanced mixing [2] or directional switching of distinct streams [3] , which may not be available with Newtonian fluids. Moreover, the possible dynamical responses are expanded when multiphase flows are considered, such as particle suspensions, foams, and emulsions.
In this Letter, we describe an instability during the flow of bubbles through microfluidic channels. The instability depends on the rheological properties of the fluid, the properties of the gas-liquid interface, and the geometry of the microfluidic channel. Such an instability is indicative of the interplay between rheology and geometry that will be of increasing importance as microfluidic devices are used with a wider range of fluids.
For neutrally buoyant symmetrical rigid particles in rectilinear flows at low Reynolds numbers, there is no cross-streamline migration in Newtonian fluids and any such drift is due either to fluid or particle inertia [4] [5] [6] or fluid rheology [7] [8] [9] . In viscoelastic fluids, particles small compared to the channel dimensions drift toward the region of lowest shear, which for a pressure-driven flow is the center of the channel. This result is explained qualitatively by viscoelastic forces from the undisturbed flow acting on the particle. For large rigid particles [10] [11] [12] , a reversal of this effect is observed and the particles drift toward the wall, where the shear rate is highest.
Unlike solid particles, bubbles and droplets show migration even at low Reynolds numbers in Newtonian fluids [13] [14] [15] [16] [17] . Again, migration is toward the region of lowest shear and can be explained by nonlinearities associated with the deformation of the fluid-fluid interface. Similar behavior is seen for droplets suspended in non-Newtonian fluids, with both interfacial and viscoelastic forces contributing to deflection [18] . In some cases, an oscillation in the position of bubbles is observed as a result of hydrodynamic interactions between bubbles [19] .
Microfluidic flow-focusing devices ( Fig. 1 ) allow for the controllable formation of monodisperse bubbles [20] . We fabricate flow-focusing devices in PDMS using standard soft-lithography techniques. As our focus is on the behavior of bubbles as they travel through the device, the channel continues unperturbed for 4 cm downstream from the flowfocusing junction. This design allows ample length to observe any instabilities in the transverse position and bubble spacing along the channel.
Air is used as the gas phase and the pressure is controlled by a regulator. As the continuous phase, which is controlled by a syringe pump, we use solutions of 10 6 molecular weight (MW) polyethylene oxide (PEO) in waterglycerol mixtures. Such solutions are viscoelastic and exhibit both shear thinning viscosity and a normal stress difference. Rheological measurements including normal stresses are performed using a TA Instruments AR-G2 stress-controlled rheometer. The concentration of the solutions ranges from zero to 1.5% PEO by weight. In addition to polymer, varying amounts of Tween 20 are added as a surfactant, with concentrations ranging from zero to 1% by weight (CMC % 10 À2 % by weight). As in the Newtonian case [21] , we make monodisperse, evenly separated bubbles.
Bubble formation is qualitatively similar in Newtonian and viscoelastic solutions. There is a striking difference, however, in the behavior as the bubbles propagate along the channel. In Newtonian fluids [ Fig , however, we observe a transverse instability and bubbles migrate to the channel wall. Cross-stream migration of bubbles in flow has been found in previous experiments [13, 17] , where bubbles were observed to move toward the center of the channel. Those results explain why bubbles maintain their position at the center of the channel in both Newtonian and surfactant-free polymeric solutions, but do not explain the migration of bubbles toward the wall when both polymer and surfactant are present.
We use a high-speed video camera and image analysis software to measure the positions of the bubbles as a function of time. From the position data, the deviation y d in the trajectory away from the center line can be calculated. The effects of surfactant and polymer concentration on the deflected trajectories can be quantified by measuring the distance bubbles must travel until they are deflected half way to the channel wall (Fig. 3) . Near the center of the channel, there is a linear relationship between the transverse velocity and the center line deviation (Fig. 4) . This feature is characteristic of a linear instability-once the bubble is slightly perturbed from the unstable equilibrium in the channel center, the force continues to move the bubble toward the wall. We can quantify the instability by the linear growth rate in this central region, i.e.,
The transverse instability can be understood in terms of the force resulting from a small displacement from the center of the channel. As the center is an unstable position, we expect that such a force must be larger on the side of the bubble that is further from the wall. Viscoelastic fluids undergoing shear flow show two principle differences in their flow behavior from Newtonian fluids-shear-rate dependence of viscosity and normal stress differences. The shear-rate dependent viscosity will affect fluid flow around the bubble and contribute to a deviation in the isotropic pressure of the fluid. If the bubble shape is foreaft symmetric, as observed in our experiments, the requirement of equal pressure drop across the bubble leads to an antisymmetric stress difference on the bubble interface. When integrated, the antisymmetric stress difference yields no net transverse force and thus does not contribute to an instability. Elastic normal stress differences, however, are symmetric about a bubble with a fore-aft symmetric shape and such stresses can lead to a net force on the bubble. For this reason, we focus only on the normal stress contributions at the bubble interface.
The elastic normal stress yy along the transverse direction y varies with the local shear rate _ , which we approximate as yy ¼ Nj _ j 2n , where N and n are properties of the fluid. For the PEO solutions used in our study, n was approximately 1=2. At a clean gas-liquid interface, the shear rate is zero, and there will be no elastic normal stress acting on the bubble. Surfactant rigidifies the air-liquid interface, which produces local shear in the liquid. This effect, combined with the shear-rate dependence of the elastic normal stress, rationalizes the surfactant dependence of the instability (Fig. 3) . At low surfactant concentrations, the interface is nearly stress free, and the normal stresses are small, which leads to no deflection. As the surfactant concentration increases, the interface becomes more rigid and normal stresses provide a net force on the bubble.
To understand the viscoelastic origin of this effect, we estimate the shear rates on the rigid bubble surface. For bubbles that are large in comparison to the gap between the bubble and the channel wall, we make a two-dimensional lubrication approximation to calculate the flow through each side. If we neglect the shear rate dependence of the fluid viscosity and approximate the bubble-wall separation for a bubble of radius a and minimum distance h s as hðxÞ ¼ h s ð1 þ x 2 =2ah s Þ, the velocity in the channel with a net flow q s is given by uðx; yÞ ¼ 6 h
From the velocity, we can calculate the shear rate at the bubble surface _ , normal stress yy , and total pressure drop, ÁP. Estimating the total force on the bubble as the normal stress at closest approach multiplied by the area at closet approach ffiffiffiffiffiffiffiffiffiffi 2ah s p , yields
Measurements indicate the bubble velocity is nearly equal to that of the fluid-suggesting that the total fluid flow rate q T þ q B ¼ 0, where subscripts T and B indicate flow rates along the top and bottom channels, respectively. For a bubble with h T À h B ¼ h 0 , the net force per unit depth on the bubble, F ¼ F T À F B , can then be calculated and expanded for small as
This force is directed toward the near wall, creating a linear instability. This prediction is consistent with force measurements on rigid objects in viscoelastic flow [10, 11] , where the force observed was toward the near wall. To compare to growth rate measurements, we calculate the drift velocity. The force required to move a bubble with velocity dy d =dt toward the wall in a fluid with viscosity is approximately
Equating these forces and recalling
This model suggests that for a given polymer and surfactant concentration an increase in the bubble velocity leads to an increased instability growth rate. Measurements of the relative deflection velocity h 0 ¼ ðdy d =dtÞ= versus bubble velocity u b , Fig. 5(a) , confirm this trend over a wide range of polymer and surfactant concentrations. For a linear variation in normal stress with shear rate, or n ¼ 1=2, the growth rate becomes h 0 ¼ 5=6ðu b h 0 =aÞN=. The growth rate normalized by bubble velocity, Fig. 5(a) (inset), shows a linear dependence on initial wall separation, as predicted. Larger initial wall separations, corresponding to smaller bubbles, deviate from this trend. This response is to be expected as the approximation of twodimensional flow ceases to be valid for these smaller The behavior of bubbles in viscoelastic fluids depends both on the nature of the fluid and the properties of the interface. For surfactant-laden bubbles in viscoelastic fluids, we have shown that both the elastic normal stress of flow and surface properties of the bubble combine to produce a transverse instability. Without surfactant, the interface is stress free and generates no normal stress differences. Only when there is sufficient surfactant can normal stresses be generated to trigger this transverse instability. As microfluidic studies expand to include a wider range of multiphase materials, we expect that the viscoelastic properties and possible instabilities will become more relevant to the operation of microfluidic devices.
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